Proton conducting glasses were prepared from proton type zeolite materials by the spark plasma sintering technique in vacuum. TOF-SIMS analysis showed that the glass structure contains protons. The electrical conductivity was affected by proton content and probably by the pore structure of the starting zeolite material.
Introduction
Zeolite is an alumino silicate crystal material having a micro porous structure. Due to this micro porous structure, zeolite materials are used as molecular sieves and as solid catalyst for oil production.
Recently, there is high expectation for the use of zeolite materials in electrochemistry and optics, [1] [2] [3] specifically in the fabrication of fuel cells.
Proton conductors are essential components in hydrogen fuel cells. Several works have been carried about their physical properties and working temperatures. [4] [5] [6] Phosphate glasses are known as good proton conductors but they have low resistance to water and humidity. [7] [8] [9] In humid atmosphere, conductors made from phosphate glasses become mechanically weak, a hurdle for the fabrication of conductors with large size.
Silicate based glasses have good resistance to humidity. However, those prepared by the conventional melting method are generally poor proton conductors. This is because hydrogen cannot be introduced with large enough content in silicate based glasses by the conventional melting method.
In the present study, we report on the preparation of silicate based glasses with high proton content and having a structure with high number of free channels (bypass for protons) from zeolite material using the spark plasma sintering technique. 10 
Experimental Procedure
The first basic zeolite material used in this study is sodium type mordenite, 642NAA (SiO 2 /Al 2 O 3 ratio 18, Na 2 O 5.0 wt%), from Tosoh Corporation. This material underwent an ion exchange treatment to exchange sodium cations with protons via ammonium ion exchange to produce proton type mordenite, 640HOA (SiO 2 / Al 2 O 3 ratio 18, Na 2 O 0.05 wt%).
Faujasite is as another basic zeolite material used in this study. In a similar way to mordenite, faujastite material underwent an ion exchange treatment to produce proton type faujasite of 331HSA (SiO 2 /Al 2 O 3 ratio 14, Na 2 O 0.2 wt%) and also proton type faujasite of 360HUA (SiO 2 /Al 2 O 3 ratio 14, Na 2 O 0.05 wt%).
After ion exchange, samples were sintered using the Spark Plasma Sintering machine MK320 of Sumitomo Coal Mining Corporation. 10 For sample sintering, zeolite samples of 5 g were filled in a graphite mold with 20 mm in diameter and pressed at 40 MPa. They were then heated to 1473-1573 K at a heating rate of 50 K/min. After that, they were cooled down to room temperature for characterization. The crystal structure of the sintered sample was analyzed using X-ray diffraction. The presence of protons and their structure were analyzed by TOF-SIMS (Time of Flight Secondary Ion Mass Spectrometry). The electrical conductivity of the sintered samples was measured at between 400-650°C using AC impedance with two-probe in air.
Result and Discussion
Samples prepared at 1475 K from sodium type mordenite of 642NAA and proton type mordenite of 640HOA were transparent. Their X-ray diffraction patterns are shown in Fig. 1 .
Sodium type mordenite of 642NAA sample has a broad hallow pattern characteristic of a pure amorphous structure. However, Proton type mordenite of 640HOA sample has in addition to a broad hallow pattern, small peaks related to traces of a crystal structure. The crystal was identified to mullite. Further increase in sintering temperature did not demolish mullite. Samples prepared at 1475 K from proton type faujasite of 331HSA and 360HUA were also transparent. Their X-ray diffraction patterns are shown in Fig. 2 . Both samples have a broad hallow pattern with traces of mullite crystal too.
TOF-SIMS analysis for sodium type modernite sample of 642NAA and proton type mordenite sample of 640HOA is shown in Fig. 3 . The chemical composition of most identified fragments for proton type mordenite sample of 640HOA contain hydrogen, an indication that the sample contains hydrogen in its structure. . Figure 5 shows the electrical conductivity dependence on temperature for mordenite and faujasite samples.
Proton type mordenite sample of 640HOA has an electrical conductivity close to that of sodium type mordenite sample of 642NAA. The possible carriers in this latter are sodium cations. However, in proton type mordenite sample of 640HOA sodium content is much lower so that the remaining sodium cations cannot be the only carriers in this sample otherwise the electrical conductivity should be much smaller (1/100) than that in sodium type mordenite. The presence of fragments containing hydrogen as well as hydronium ions (H 3 O + ) in proton type mordenite sample of 640HOA points to the fact that the other possible carriers in this sample are protons. Hence, we can say that the proton type mordenite sample of 640HOA produced in this study has the property of a proton conducting glass.
TOF-SIMS analysis for faujasite samples of 331HSA and 360HUA were not carried out but they are proton conducting Electrochemistry, 83(6), 459-461 (2015) samples too as will be confirmed later by the measurement of the performance of faujasite sample of 331HSA as a hydrogen concentration cell under partial pressure of hydrogen.
Faujasite samples have higher electrical conductivity than that of mordenite samples. This is attributed to the difference in chemical composition and structure.
In faujasite samples, the relative alumina to silica content (SiO 2 / Al 2 O 3 :14) is higher than that in mordenite samples (SiO 2 /Al 2 O 3 :18). Higher Al 2 O 3 content may be favoring the introduction of more protons. This is on one hand and on the other hand, faujasite samples have a structure containing three dimension structure pores. In contrast, mordenite samples have a structure containing one dimension structure pores. The mobility of carriers through three dimension structure pores is easier than that through one dimension structure pores. This difference in pore structure between faujasite and mordenite samples might be another factor at the origin of the higher electrical conductivity in the faujasite samples. Table 1 shows the activation energy of the electrical conductivity for mordenite and faujasite samples.
The lower activation energy of Faujasite samples highlights the fact that as indicated above pore structures in both type of samples and to less extent the difference in composition are affecting the mobility of protons. Figure 6 shows small angle diffraction of X-ray for proton type faujasite sample of 331HSA before and after sintering. The broad scattering peak at below 1.0 degree is attributed to pores present in the structure. The strength and form of the peak was modified but was not demolished completely by the sintering. This indicates that pores might be affected in size and number but still present in the structure. The size and content of pores effects on the mobility are under investigation. Figure 7 shows the performance of proton type faujasite sample of 331HSA as a hydrogen concentration cell under various hydrogen partial pressure.
The size of faujasite sample of 331HSA used in the experiment was 20 min in diameter and 2.5 mm in thickness. Pt electrodes were coated on its surface using Pt paste type TR-7601 of Tanaka Metals Co. Electrodes were fired at 930°C for 1 hr. The diameter of the electrodes was 10 mm. Each surface of the sample was sealed with a silica tube through which hydrogen was flown on one surface and a mixture of hydrogen and argon was flown on the other one. The measurement was carried in a furnace heated to 700°C.
The voltage generated was measured using a multi meter connected to the sample electrodes through Pt wires.
As can be understood from measurement, the voltage generated is dependent on hydrogen partial pressure. It does increase with decreasing the partial pressure of hydrogen. The measured values are also found to be in agreement with those theoretically calculated by Nernst equation.
Further studies will be carried in order to clarify the relation between electrical conductivity, carrier type, carrier content and pore structure.
Conclusion
In summary, proton conducting glasses were developed from proton type zeolite materials using the sintering technique. The electrical conductivity of the glass was affected by proton carrier content and pore structure of zeolite material used. Figure 6 . Small angle diffraction of X-ray for proton type faujasite sample of 331HSA before and after sintering. Electrochemistry, 83(6), 459-461 (2015) 
